A fast photoacoustic (PA) imaging system, based on a 320-transducer linear array, was developed and tested on a tissue phantom. To reconstruct a test tomographic image, 64 time-domain PA signals were acquired from a tissue phantom with embedded light-absorption targets. A signal acquisition was accomplished by utilizing 11 phase-controlled sub-arrays, each consisting of four transducers. The results show that the system can rapidly map the optical absorption of a tissue phantom and effectively detect the embedded light-absorbing target. By utilizing the multi-element linear transducer array and phase-controlled imaging algorithm, we thus can acquire PA tomography more efficiently, compared to other existing technology and algorithms. The methodology and equipment thus provide a rapid and reliable approach to PA imaging that may have potential applications in noninvasive imaging and clinic diagnosis.
Introduction
When a soft tissue is irradiated with a short pulse of laser, infrared light, radio wave or microwave, the deposited energy may result in a tissue expansion and subsequent contraction that generates an acoustic pressure wave (Bowen 1981) . The time-dependent pressure waves can be recorded and subsequently reconstructed to map the distribution of radiation absorption within the tissue. This is called photoacoustic tomography (PAT). The strength and the profile of a photoacoustic (PA) signal depend on tissue optical absorption that is often related to the physiological and pathological status of the tissue. For example, the absorption coefficient of cancerous breast tissue is significantly higher than that of normal (Oraevsky et al 2001 , Suzuki et al 1996 . It has also been reported that PAT of biological tissues is likely to provide better spatial resolution, compared to that with microwaves; and improved contrast and speckle characteristics, compared to conventional ultrasonic imaging (Suzuki et al 1996 , Feng et al 2001 .
PAT has became a popular research subject and been suggested as an effective noninvasive imaging technique for early diagnoses of breast cancer (Hoelen et al 1998 , Dirk et al 1999 , Hoelen and Mul 2000 , Oraevsky et al 2002 , McBride et al 2001 , Niederhauser et al 2002 . PAT imaging of phantoms and in vivo functional imaging have been reported. The spatial Fourier-transform reconstruction algorithm (Köstli and Beard 2003) or the filtered backprojection algorithm (Hoelen et al 1998 , Wang et al 2003 , Kruger et al 1995 , Wang et al 2002 were applied for the reconstruction of two-dimensional (2D) PA images. In these experiments, a single wide-band ultrasonic transducer was used to detect PA signals by rotating it around a sample for 360
• . Although the reconstructed image mapped the distribution of the radiation absorption within the samples, the experimental setup was mechanically complicated. This affected the reliability and reduced the speed of data acquisition. Furthermore, the reported image reconstruction algorithm required long computing time and the reconstructed images were associated with inevitable artifacts that hampered its practicality.
In this paper, we have developed a multi-element linear transducer array system (MLTAS) for 2D tissue PA imaging. Due to the angular response property of the transducer array, we applied a phase-control technique to detect time-domain signals. The signals were converted into a one-dimensional (1D) image along the acoustic axis. By combining multiple 1D images acquired with subgroups of transducers from the linear array, a 2D cross-sectional tomographic image of the sample was achieved. Compared to that from a single transducer (Hoelen et al 1998 , Hoelen and Mul 2000 , Wang et al 2003 , Kruger et al 1995 , PAT with MLTAS eliminated the mechanical shift or rotation of the detector, thus, cuting down the time required for data acquisition. The phase-controlled mechanism in MLTAS, analogous to that in an ultrasonic B-scan, resulted in a more efficient algorithm for reconstructing tomographic images, compared to other imaging methods with transducer arrays (Oraevsky et al 2001 , Kruger et al 1999 . Given the above advantages of PAT with MLTAS, it may provide a more convenient method for future in vivo noninvasive imaging of tissues and clinic diagnosis.
Theory and experimental setup
A phase-controlled algorithm, similar to that used in medical ultrasonic imaging, is used for PA image reconstruction in this study. By applying a phase-array concept, it is possible to arithmetically form an acoustic lens. With a 2D image, for each position (m) in the reconstruction area, the acoustic transit time t mn to the detector position(s) is determined by the transit distance. As shown in figure 1, with a PA signal S m , originating from position m, the corresponding signal S n (t), for each detector, has to be weighted for both the detector direction and the signal transit distance. The sum of S n (t) for all the detectors, S m , is considered the PA signal from the corresponding reconstructed area m:
where m is the position of a PA source, n is the position of a detector n, N is the number of active detectors at each time and λ n is an amplitude-weighting factor for each detector. t m1 = r m1 /v, t m1 is the time required for the PA signal to transmit from position m to the first detector; τ n = (r mn − r m1 )/v is the time difference between the signals reaching the detector n and the first detector, r mn and r m1 are the distances from the position m to the detector n and the first detector, respectively, v is the average velocity of the acoustic wave in the coupling medium. From equation (1), the signal intensity, gathered by the phase-controlled mechanism, is directly proportional to the number of active transducers. By calculating τ n and setting the corresponding delay in circuit for every signal, the amplitude of the signal after the synthesizer can be maximized, thus, to achieve a phase-controlled focusing. When an acoustic source in the target is outside the focal region, the signals collected by the detectors are incoherent. The amplitude of the signal after the synthesizer is reduced due to phase cancellation, compared to that from the focal region. Therefore, the signals captured by the transducer array are mostly from the acoustic source within the focal region. On the basis of the above theory, we have developed a new PA tomographic system with a phase-controlled MLTAS. The schematic of the MLTAS is shown in figure 2. It consisted of a linear transducer array, pre-amplifier, phase-adjustment module and a custom-built control circuit. A 30 Hz clock signal, provided by the control circuit, was used for synchronized triggering of an excitation laser, selecting the sub-group in the linear transducer array to capture PA signals, and triggering of a data-acquisition system (DAS) card.
The linear transducer array (EZU-PL22, Hitachi, Japan) had 320 vertical transducers with a resonance frequency of 5 MHz and a scanning width of 56 mm. The transducers were divided into 80 sub-groups. Each sub-group, selectable with the control circuit, consisted of four transducers. The signals from the transducers, after pre-amplification and phase adjustment, were acquired with the DAS card (Compuscope 12100, Gage Applied Co., Montreal, Quebec, Canada). The card featured a high-speed 12-bit analogue-to-digital converter with a sampling rate of 100 MHz. The system operation and data collection were controlled by a personal computer.
The schematic of the experimental setup with MLTAS is shown in figure 3 . A tissue phantom and the EZU-PL22 linear array were placed in a plastic water tank. The PA excitation was provided by a Q-switched Nd:YAG laser (532 nm). The laser output was 7 ns pulses at 40 mJ/pulse. The repetition rate of the laser was controlled by the control circuit at 30 Hz. The laser beam, expanded to 22 mm diameter with a concave lens, was projected on the phantom. The linear transducer array was placed at the opposite side of the phantom, facing the direction of the laser. The absorbing targets within the phantom were positioned at the focal plane of the linear transducer array.
Method and results
For spatial focusing, time-domain PA signals detected by 11 sub-groups (corresponding to the N in the theory described above) were converted into a one-dimensional image, along the acoustic axis, after pre-amplification and phase adjustment. The procedure was repeated by shifting the 11 sub-groups, one detector position per step, down the linear array for 64 times, to form a 2D cross-sectional image of the sample. By setting the τ n for each transducer subgroup, we located the focusing position to be 30 mm from the surface of the linear transducer array.
Because the sub-group of the linear transducer array had a characteristic impulse response, we did not directly record the photoacoustic pressure p(r, t) at the detector position (Kruger et al 1999) . Since the measured signal p (r, t) was a convolution of the PA signal and the impulse response function h(t),
p(r, t) could be obtained by deconvoluting the transducer impulse response and the measured signal, based on the Fourier transform: where p(r, ω) and h(ω) are the Fourier transforms of the signal recorded by the transducer and the transducer impulse response, respectively. An apodizing function 1 + cos(π ω/ω c ) was used to bandwidth limit the signal to ω c . In this case ω c = 10 MHz, since the frequency of the PA signal was between 500 kHz and 10 MHz. The impulse response of transducer was measured by illuminating a black foil with a weak focused pulse laser. The acoustic source placed at the focus of the linear transducer array, thus, created a pressure impulse at the foil surface. The resulting response of the linear transducer array was recorded and used in the image reconstruction process.
Figures 4(a) and (b) are a tomographic image of a dot by focusing the laser on the black foil and the intensity profile of the image, respectively. The image was interpreted as 2D point spread responses of our system. The width of the reconstructed point was used to estimate the resolution, and the signals were regarded as the impulse response of the transducer array.
The MLTAS PA imaging system was tested with two different samples. The first sample was constructed with three graphite rods (made from pencil lead) with different diameters. The rods were positioned in parallel, with an 8 mm separation in between. The diameters of the graphite rods were 4 mm, 2 mm and 0.6 mm respectively. The second sample was a cylindrical tissue phantom, 30 mm in diameter. It was fabricated with 3% agar. Two light-absorbing targets were placed within the phantom. The targets were 4 mm diameter cylinders made with 3% agar and 0.008% India ink. The targets had an absorption coefficient of 0.5 mm −1 at 532 nm, to simulate tumours within normal tissue (Suzuki et al 1996) .
Figures 5 and 6 show the physical dimensions of the test samples and the corresponding reconstructed 2D images. Clearly, the figures show that the positions of the light-absorbing targets in the images corresponded well with their physical positions within the phantom. There were some speckled objects marking the position of the transducer array, likely a result of the scattered laser light incident upon the surface of the detectors. The reconstructed image of the targets in figure 5 is brighter than that in figure 6 . This is likely due to the absorption coefficient of graphite being much higher than that of agar mixed with ink. In figure 6 , graphite rods would likely absorb light energy at their surface. Theoretically, this should result in lower signal intensities within the rods. This is discrepant from what was observed, possibly for the following reasons. First, there was some scattering of light around the shade of the graphite. Second, PA signals gathered by the piezoelectric transducer array had false vibration that could deteriorate axial resolution to a certain extent. A transducer with better performance will likely solve the problem.
The signal-to-noise ratio (SNR) of the PA signal was good in the phase-controlled mechanism. In the phase-controlled algorithm, the signal intensity for each position of interest is the sum of the signals from transducers at many positions. Summing up signals from N different positions has a similar effect to signal averaging from N samplings, and would improve the SNR. By taking advantage of this, we can effectively reduce the time and laser energy required for data acquisition. In our experiments, the data were not averaged over time, in order to achieve a higher frame rate. The data-acquisition time in the study was only about 2 s.
Due to the directivity of the phase-controlled transducer array, there is a spatial angle along the acoustic axis of the array, within which acoustic signals are accepted. The lateral resolution of the system is determined by the diameter of the spatial angle at the focal plane. From figure 4(b), we have estimated the lateral resolution of our PAT with MLTAS to be approximately 1.5 mm. Reducing the size of each transducer and the distance between neighbouring transducers will likely improve the lateral resolution, or adopting other scanning methods such as d/2 or d/4 (d is the distance between each transducer) will improve the lateral resolution. In addition, setting several focus zones can offer more information in the axial direction.
Conclusion
The multi-element linear transducer array system provides an efficient and convenient approach for PA imaging. The results indicate that the technique can be used to differentiate optical absorption in a tissue phantom. It may provide a better approach for in vivo noninvasive imaging and clinic diagnosis, compared to the existing PA imaging techniques. Although the excitation laser and the ultrasonic transducer were positioned on opposite sides of the target in the current study, they may be compounded into a single structure in the future for practical applications. By utilizing laser systems with higher repetition rate, it should be possible to use MLTAS for real-time imaging.
